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Abstract 
Studies of olivine carbonation are relevant for ex-situ CO2 storage, and the main results can be transferrable to geological storage 
of CO2. The total reaction rate of mineral and CO2 is always dependent on the slowest partial reaction, and with olivine the 
obtained conversion values were not correlated to dissolution rates. These direct carbonation results indicate that the precipitation 
rate of magnesite and not the dissolution rate of olivine was rate limiting for the reaction between olivine, CO2 and H2O at 185°C 
and 115 bar. In industrial carbonation scenarios where the dissolution rate is not limiting, process optimization has to focus on 
the maximizing the precipitation kinetics. In industrial processes were precipitation is rate limiting, a conventional ball mill is 
probably the best alternative due to the low energy consumption, while in processes where the dissolution is rate limiting, more 
energy intensive pre-treatment methods may have potential. In the context of geological CO2 storage, the precipitation rate of 
carbonate will influence CO2 mineral trapping, and it is possible that precipitation kinetics is not equal to dissolution kinetics. 
Injection of CO2 into reservoir will lower the pH and thereby dissolve several minerals. The balance between dissolution and 
precipitation is dependent on the kinetics and solubility of the present minerals and possible products, where silica and carbonates 
probably are the most important. Mineral precipitation is unwanted in the storage formation due to lowering of porosity and 
possibly the permeability, but with time carbonate precipitation is positive due to mineral trapping of CO2.  
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
Mineral carbonation can be defined as the reaction between minerals and CO2 where the product is at least one 
type of carbonate. Mineral carbonation studies are relevant in the context of utilizing CO2 for industrial purposes, 
but have application within geological CO2 storage as well. In-situ CO2 storage in aquifers and injecting CO2 into 
basaltic formations depends on mineral carbonation reactions to varying extent to trap CO2 permanently in the 
geological formations. The same carbonation reactions can be performed industrially with the main purpose of CO2 
storage and/or production of valuable products. Mineral carbonation involves some basic chemical reaction steps 
displayed in Eq. 1 through Eq. 4 with the magnesium rich variety of olivine as an example. 
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 CO2(g) + H2O  H2CO3  H+ + HCO3-  2H+ + CO32-  (1) 
 Mg2SiO4(s) + 4H+   2Mg2+ + H4SiO2  (2) 
 Mg2+ + CO32-  MgCO3(s) (3) 
 H4SiO4  SiO2(s) + 2H2O (4) 
 
Mineral carbonation studies have been focusing on several possible minerals. Olivine [1-9] and serpentine have 
received much attention due to the vast resources world wide. Other minerals studied as well are wollastonite [10-
15], talc [13], and one study included enstatite and akermanite [16]. Experimental conditions ranges in most studies 
from the critical temperature of 31.3°C and pressure of 74 bar for CO2 [17] up to 400 - 500°C [18] and 1000 bar 
[18] even though temperatures and pressures beneath 200°C and 200 bar are more common. To increase the overall 
carbonation rate several pre-treatment methods have been introduced including heat activation [19], chemical 
activation [9] and grinding [20]. In addition fluid chemistry and process conditions has been modified [2]. The 
addition of NaHCO3 has been shown to increase the conversion [2,20,21]. 
When it comes to geological storage both numerical modeling [e.g. 22], experimental work [e.g. 23,24,25] and 
field studies [e.g. 26] have been performed to study how and how fast the mineralogy in the reservoir rock and the 
cap rock might change with respect to permeability/porosity changes and sealing capacity. Not only the reservoir 
rock can react with CO2, but the integrity of the cap rock is dependent on minimizing mineral dissolution caused by 
CO2. There are three main differences between in-situ geological storage of CO2 and ex-situ mineral carbonation. 
Firstly the mineral composition of the reservoirs and cap rocks are given, while in an industrial process the most 
promising mineral can be chosen. Secondly the pressure and temperature is to a large extent given by the geological 
formation except by the pressure which can build up during CO2 injection. However the maximum pressure in the 
formation is given by the mechanical strength of the host rock. An industrial process can be designed for any 
temperature and pressure within economical and practical limits. In common for both solutions is in most cases the 
use of supercritical. Supercritical CO2 has higher density than fluid CO2 or gaseous CO2, and is therefore more 
suited for storage due to volume efficiency. The temperature and pressure range of reservoirs and aquifers 
considered for geological storage of CO2 are narrower than for industrial mineral carbonation and are in the range of 
40°C[1] to 80°C [25] and from the critical pressure of CO2 to about 200 bar [1]. In most cases a depth > 800 m are 
considered [27,28] as useful. Compaction and reservoir pressure will at increasing depths reduce the porosity and 
permeability and thereby limit the practical reservoir depths. The third difference between ex-situ and in-situ CO2 
storage is the chemical composition of the reaction fluid. The industrial fluid can be manipulated, with the only 
restriction being the total consumption of chemicals. The fluids in the geological reservoirs are brines with varying 
contents of dissolved solids e.g. from totally dissolved solids (TDS) of 1/5 to 3/5 of the salt in seawater [29] to 3 to 4 
times higher than seawater [1]. There are several common geochemical aspects between geological storage of CO2 
and industrial mineral carbonation aiming at CO2 storage or use. These joint aspects are dissolution of CO2 at 
varying ionic concentrations, and the influence of temperature and pressure on dissolution and precipitation kinetics. 
For this specific purpose Bachu and Adams showed that the total amount of CO2 possible to dissolve in brine 
decreases with increasing TDS [30].  
Dissolution of silicates present in a carbonation reaction produces SiO2 in solution, and therefore not only 
precipitation of carbonates, but equilibrium restrictions and precipitation of silica is relevant for both mineral-CO2 
scenarios. Dissolution and precipitation kinetics are relevant in geological storage in the context of porosity and 
permeability changes together with mineral trapping of CO2 and caprock integrity, for industrial processes kinetics 
are relevant for the design of the carbonation process. Dissolution and carbonation of milled olivine in an industrial 
context was the topic the PhD thesis written by Haug [31] which forms the basis for the experimental and modelling 
results presented in this paper. The main focus of the thesis was to investigate how energy intensive milling, known 
as mechanical activation, influenced the material characteristics of olivine, the dissolution rate of olivine and the 
direct carbonation of olivine in water and CO2. Mechanical activation changes the character of the material beyond 
reduced particle size and increased surface area [32]. These additional changes caused by milling were quantified by 
calculating the reduction in crystallinity using XRD diffractograms. The selected data from the thesis are included to 
enlighten the importance of CO2 reactivity and mineral kinetics in fluid systems both for geological storage and 
industrial carbonation. In addition, energy consumption when preparing the olivine samples are included, since 
energy costs have been found to be one of the largest obstacles of milling as a pre-treatment method within CO2 
storage. The aim of this paper is to combine experimental work on olivine dissolution and carbonation, together with 
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modeling of the olivine-H2O-CO2-SiO2 system, to study important aspects of mineral kinetics relevant for industrial 
mineral carbonation and geological storage of CO2.  
2. Methods 
Table 1 Specific data for the dissolution experiments marked with D, and the carbonation experiments marked with C (from PhD thesis [31]). 
Exp. type∗ Volume Mass of olivine [g] T [°C] P [bar] Duration Stirring 
D-1 500 ml HCl 0.01 M 0.5 21.5 1 air 1-24 h 500 [RPM] 
D-3 500 ml HCl 0.01 M 2.0 21.5 1 air 1-24 h 500 [RPM] 
C-2 50 ml DI H2O 7.5  185 115 CO2 2/18 h Yes 
 
The material used in this study consisted of olivine foundry sand of the quality ASF50 provided by North Cape 
Minerals from their dunite deposit at Åheim in Western Norway. X-ray diffraction analysis (XRD) detected 
forsterite, chlorite, enstatite, chromite and traces of hornblende and mica, and approximately 95 % by weight is pure 
olivine of the composition Mg1.86Fe0.14SiO4 [33]. This olivine sand is referred to as the original material. 
First several batches of original olivine material were milled. Four different mills were used, a laboratory 
planetary mill (P), a stirred media attritor (A), a Hicom mill (H) and a laboratory ball mill (B)∗∗. More details about 
the milling process and equipment are found in Haug [31]. With these mills 13 differently milled samples were 
produced. Then, subsequent of milling these samples were used in dissolution experiments and a carbonation 
experiments with experimental details summarized in Table 1. The dissolution experiments and results are 
thoroughly discussed in [34]. In addition to the experimental work, modeling was performed for the CO2 – water 
system, CO2 – seawater system, amorphous silica and quartz system combined with CO2 and water/seawater, and 
finally the olivine-H2O-CO2 system. Temperatures and pressures relevant both for geological storage and industrial 
mineral carbonation were applied in the models. For most models the temperature ranged from [1°C – 250°C] and 
the CO2 pressure ranged from 1 bar to 1000 bar. Geochemical modeling was performed with PHREEQCi [35]. The 
models were developed with the main purpose of describing pH, silica solubility, Si- and Mg concentrations at 
varying P, T, pH, and the dependency of CO2 present and the saturation of forsterite, magnesite and silica. A general 
assumption was equilibrium, and no kinetics for dissolution or precipitation was implemented.  
3. Experimental results 
Table 2 shows the results the estimated large scale energy consumption, Wo∗∗∗, for each mill, the results for 
chosen material characteristics and the dissolution and carbonation results. The dissolution results were best 
explained by the reduction of crystallinity measured by CXRD when looking at all the samples. Both increasing 
specific surface area and the decreasing average particle size resulted in increasing dissolution rate when the 
samples were produced with low milling intensity. The result is supported by the findings for 10 samples produced 
by the planetary mill and described in detail by Haug et al. [34]. Olivine dissolution was for simplicity measured as 
the average reaction rate during dissolution of the first 5 wt% of olivine. The rate decreased with increasing amount 
of dissolved material [details in 31]. The material properties had low effect on the measured conversion and no 
correlation was found between the average reaction rate constant for the first 5 wt% of dissolved olivine, r5%, as 
shown in Figure 1A. Figure 1B displays the obtained conversion values together with Wo for each sample. The 
observed conversion at 2 h increases with increasing Wo, but the Wo levels do not increase smoothly compared to the 
conversion results. For the three samples with lowest milling energy consumption, where Wo is in the range of 
conventional milling methods, conversion after 2 h is decreasing with increasing Wo. Regarding the precipitated 
minerals, magnesite was the only observed new crystalline phase with XRD, and over 99% of the available silica 
from dissolved olivine was found by XRF in the solid products probably precipitated as amorphous silica. 
 
∗ Experiment numbers refers to the numbering used in PhD thesis. 
∗∗ Letters are acronyms for each mill later used in sample names. Energy consumption and milling intensity was measured during milling. 
∗∗∗ Calculation described in Paper IV in PhD thesis. 
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Table 2 Description of milling intensity during the production of each sample together with the resulting material characteristics and the 
dissolution and carbonation experiment results. 
Direct conversion Material 
characteristics 
Material name Wo: Energy 
consumption during 
milling [kWh/ton] 
r5%: Average dissolution 
rate constant after 5 % 
dissolved (D-1 and D-3) 2h 18h 
Experimental 
milling intensity 
[kW/ton] d10 SSA CXRD
A10minWet 226 2.1E-07 NA NA 2076 0.8 6.8 40 
A60minWet 1348 3.7E-07 18 87 2120 0.3 24.5 17 
B2hDry 78 6.5E-08 NA NA 217 9.3 0.64 66 
B8hDry 185 1.8E-07 8 73 217 2.1 1.4 71 
B2hWet 36 5.9E-08 NA NA 211 11.6 0.98 68 
B8hWet 102 1.3E-07 11 93 211 2.2 3.3 49 
H1minDry 70 5.4E-07 NA NA 3754 2.5 1.2 60 
H5minDry 277 1.1E-06 4 23 3547 0.3 3.4 35 
P10minDry 1379 2.6E-05 27 92 14349 0.5 4.3 27 
P60minDry 6817 1.2E-04 32 77 13451 0.7 3.2 13 
P10minWet 1379 4.0E-07 18 96 14349 1.1 14.6 48 
P60minWet 6817 5.4E-07 44 96 13451 1.0 31.0 21 
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Figure 1 Summary of experimental results. A: Comparison of measured dissolution rate and conversion of the same samples after 2 h and 18 h. 
B: Comparison of conversion obtained for each mill, including the specific energy consumption during milling.  
4. Modeling results 
The geochemical modeling performed was first focused on the behavior of CO2 related to pH since pH is very 
important for dissolution, equilibrium conditions and precipitation of many minerals. In general a minimum pH of 
about 3.1 in pure water occurs prior to any mineral reaction at the highest pressures and lowest temperatures. 
Replacement of pure water in the model with sea water results in slightly higher pH values. This result is supported 
by previous studies were salinity has been found to reduce solubility of CO2 [30,36]. The models concerned about 
silica dissolution and equilibrium showed how equilibrium concentrations of SiO2 are practically independent of 
CO2 pressure. However SiO2 concentrations increased with temperature and to a certain extent of high pH. The pH 
range of CO2 in equilibrium with pure water or seawater ranges from just above 3 to 6. pH above 8 – 9 results in 
high SiO2 concentrations, but this cannot be obtained in normal systems based solely on water and CO2.  
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The SiO2 concentration obtained with dissolving quartz ranges from below 0.5 mmol/l at the lowest temperatures 
to slightly beneath 6 mmol/l at 250°C. The SiO2 concentration may be 2 – 3 times higher due to the solubility 
control of amorphous silica instead of quartz. The introduction of seawater increases slightly the solubility of both 
amorphous silica and quartz, but this effect decreases with increasing CO2 pressure. At 75 bar of CO2 the difference 
in solved SiO2 between pure water and sea water was less than 0.02 %. The effect of CO2 pressure depends on the 
overall mineral composition. The last model was concerned with olivine carbonation giving rise to the equilibrium 
concentrations of Mg and SiO2 together with saturation indices of olivine, quartz, amorphous silica and magnesite. 
When all these three minerals are approaching equilibrium, only two out of three minerals reached saturation. It was 
impossible to obtain exactly SI = 0 for all three minerals at the same time. Forsterite was undersaturated for all 
combinations of T and P except for very low pressures and high temperature. At these conditions magnesite is still 
saturated, but amorphous silica is slightly undersaturated.  
5. Mineral carbonation mechanisms 
The olivine dissolution and carbonation experiments illustrate the stepwise carbonation reaction relevant for 
several minerals. As described by Eq. 1 though Eq. 4, the first step is dissolution. In these experiments with olivine, 
the dissolution rate was increased by milling. The second step of carbonation was studied by direct carbonation 
including simultaneous dissolution and precipitation of secondary minerals.  
The geochemical modeling of a direct olivine carbonation process with respect to saturation indices of olivine, 
magnesite and silica/quartz revealed that olivine will never reach saturation at conditions above the super critical 
point for CO2 if olivine dissolution is rate limiting. The measured material characteristic could not explain the 
overall conversion results, and as this study indicates, however, precipitation of MgCO2 may be important for the 
conversion obtained. In addition to other rate limiting reactions as influence of leaching effects of Mg leaving a 
silica layer or silica precipitating on the olivine particles [2,3,37] even though this has not been observed in all 
olivine experiments [21,38,39]. Precipitation rates of silica [40] are much slower than the olivine dissolution found 
here despite the rate difference almost all dissolved silica from olivine was precipitated within the experimental 
duration. The high concentration of SiO2 in solution has probably forced a high precipitation of SiO2. With the large 
olivine rates as found here, combined with the relatively high solubility of olivine together with a low solubility of 
amorphous silica/quartz as described by modeling, will result in very high saturation indices of silica, which again 
will be able to increase the precipitation rate until it balances the SiO2 contribution from olivine dissolution. 
Magnesite is much more soluble than silica and therefore the reaction fluid can contain large amounts of Mg from 
olivine without magnesite actually starting to precipitate, and thereby increasing the possibility of kinetically 
restrictions on the overall carbonation rate.  
When it comes to the volume effect of carbonation, theoretically 100% carbonation of pure forsterite will result 
in a solid weight increase of 58% and a solid volume increase of 80%. How these mineral changes develop, and if 
dissolution prevails in the beginning, are important both for industrial processes and geological storage. In the case 
if olivine and the mass:liquid ratio used, the uptake of CO2 at 2 h and 18 h, indicate that no significant solid volume 
decrease happened prior to precipitation. Higher liquid:solid ratios will increase the amount minerals dissolved prior 
to precipitation. 
6. Implications for industrial storage 
The overall results for the mills indicate clearly that the choice of mill is important for the effect of pre-treatment 
on material characteristics and subsequent processes. Wet milling preserves crystallinity, dry milling minimizes the 
steel contamination from the mills, and the relationship between specific surface area and reduction of particle size 
is very mill dependent. This observation of milling effects illustrates the importance of evaluating the grinding 
technology in each process design. The energy consumption of the prepared samples measured from 16 to 6800 
kWh/ton is in general too high for a viable mineral carbonation process. Energy consumption above ~ 300 kWh/ton 
seems to be uneconomical compared to other cost estimates of olivine carbonation processes [11,41-45]. From 
Figure 1 it can be found that there were only three carbonated samples with energy consumption during milling 
being below 300 kWh/ton. Of those three the sample milled wet in a ball mill had the lowest energy consumption 
and the highest conversion. If precipitation kinetics are more important than dissolution kinetics at the given 
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reaction conditions, the ball mill seems to be the most economical choice and practical choice. If it is possible to 
lower the energy consumption with the other mills, then the advantage with a higher mineral dissolution rate can be 
used by changing the process conditions. This is only possible when the dissolving mineral does not reach 
saturation. 
Dissolution and precipitation reactions are for many minerals very dependent of pH, which is the case for the 
most common minerals within industrial carbonation as olivine and serpentine. Using carbonic acid as the only 
source of protons, the pH will never be lower than approximately 3. This pH is most likely too high to obtain 
reasonable dissolution rates for a viable process design handling CO2 from e.g. a power plant continuously. There is 
a possibility of adding stronger acids to increase dissolution, or add salts. NaHCO3 which has been shown to 
increase direct carbonation [2,20,21] despite the fact that CO2 is less soluble in brine. One possible explanation is 
the increased activity of HCO3-. Another important aspect of silicate carbonation is the behavior of SiO2. SiO2 
solubility increases slightly with temperature and increased pH, but the maximum concentration is amorphous silica 
is controlling the solubility and the pH is beneath ~9 is about 20 mmol/L. the consequence of this low solubility is 
that silica rapidly becomes saturated compared to dissolving olivine or serpentine, and in direct carbonation 
processes, silica precipitation is difficult to avoid and has to be taken into account. 
7. Implications for geological storage 
Mineral reactions as dissolution and precipitation are relevant for geological storage of CO2 due to the effect of 
mineral trapping of CO2 and the changes in injectivity, porosity, permeability, and reservoir and caprock integrity. 
Typical composition of depleted reservoirs and aquifers suited for geological storage of CO2 are sandstones mainly 
composed of quartz with feldspar, siltstones and limestones [e.g. 1,23,25,26,28]. Quartz equilibrium, as studied with 
the geochemical models, is very relevant for sandstone and limestone reservoirs, while amorphous silica 
concentrations are more relevant where other more soluble silicates are reacting. If, as an example, olivine is 
dissolving, then the equilibrium of SiO2 in solution is initially governed by amorphous silica and not quartz. Over 
time amorphous silica may crystallize into quartz if the conditions are suitable [40]. Injection of CO2 will lower the 
pH slightly. A reduction of pH will slightly increase the saturation of silica and may with time cause precipitation of 
silica. However pH dependency of solved silica at low pH is very low so the increase in saturation may not initiate 
precipitation. Kaszuba et al. [24] performed experiments with arkose at 200 bar and 200°C with duration of 
approximately 77 days. They observed that the injection of CO2 into the reaction cell where the rock fragments had 
reacted with 4.9 mol/kg of NaCl, increased the SiO2 concentration due to dissolution of silicates, but in this study 
the initial concentration of SiO2 was beneath saturation of quartz. They conclude that introduction of CO2 may 
increase the permeability due to dissolution, but precipitation of silica may reduce the pore sizes or plug the flow 
paths. They observed precipitation of magnesite and siderite. Numerical modeling of Gherardi et al. [22] indicated 
very stable reservoirs with respect to changes on porosity and supports the little effect of introducing carbonic acid 
into a quartz, feldspar and calcite rich reservoir after 1000 years. Not only the reservoir rock can react with CO2, but 
the integrity of the cap rock is dependent on minimizing mineral dissolution caused by CO2. The compositions of 
the cap rocks are much more varied than the typical reservoir rocks. Examples of cap rocks are shale [46], evaporite 
[25,47,48], dolomite, limestone, chalks, claystones, and mudrocks are summarized by Li et al. [49]. Gherardi et al. 
[22] illustrated the possible importance of mineral dissolution in the cap rock related to possible fractures. They 
stated in their study that calcite dissolution and precipitation kinetics dominates over the kinetics of the other Al-
silicates present. In the study by Gherardi et al. [22] the dissolution kinetics were assumed equal to the precipitation 
rates. Alekseyev et al. [40] found precipitation rates of silica to be lower than the dissolution rate. If the precipitation 
kinetics are lower than the dissolution kinetics for several minerals, than an increase in porosity due to dissolution 
may be the result both for reservoir rocks and cap-rocks. The positive effect of added NaHCO3 regarding carbonate 
precipitation, found in ex-situ experiments [2,20,21], illustrates a possible potential within geological storage as 
well. There is a possibility of additives, but practical challenges and the large volumes needed have to be 
considered. 
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8. Conclusions 
Olivine carbonation at 115 bar and 185 °C indicates that the carbonation reaction is limited by magnesite 
precipitation and not the olivine dissolution rate. The consequence of this for industrial carbonation is that 
significant pre-treatment can be avoided, and more focus has to be paid to increasing the precipitation rate. For 
geological CO2 storage the balance between dissolution and precipitation rates combined with concentration of 
reacting elements will be very important for the changes in porosity and permeability caused by CO2 injection. 
Knowledge about the dissolution and precipitation kinetics balance is very important for the behavior of a given 
reservoir and cap-rock, and when modeling CO2 injection and long time geological CO2 storage. 
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